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BALLISTIC SEMICONDUCTOR DEVICE 

TECHNICAL FIELD 

[0001] The present invention relates to a ballistic semi 
conductor device and, more particularly to a hot electron 
transistor. 

BACKGROUND ART 

[0002] Several semiconductor devices have been proposed 
as a hot electron transistor (HET) using hot electrons. A ?rst 
prior art is a resonant-tunneling hot electron transistor 
device (RHET) proposed by Yokoyama et al. (see Japanese 
Journal ofApplied Physics Letters, Vol. 24, No. 11, p. L853, 
(1985)) 
[0003] FIG. 11 and FIGS. 12(a), 12(1)), and 12(c) are 
vieWs showing a device structure and a principle of opera 
tion shoWn in FIGS. 1 and 3 of the cited reference by 
Yokoyama et al. In the ?rst prior art, after an AlGaAs layer 
21 is groWn on a n+-GaAs substrate 20 to be 300 nm thick, 
a Si doped n+-GaAs layer 22, an AlGaAs barrier layer 23, a 
GaAs Well layer 24, an AlGaAs barrier layer 25, and a Si 
doped n+-GaAs layer 26 are groWn to be 100 nm, 5 nm, 5.6 
nm, 5 nm, and 50 nm, respectively. 

[0004] The ?rst prior art comprises a resonant-tunneling 
structure Within an emitter region of the HET, and a device 
operation at 77K has been reported. The operation is as 
folloWs. When a base 12 and an emitter 14 are equipotential, 
electron energy of the emitter is loWer than a quantum level 
(E1) of a quantum Well 13 provided betWeen the emitter 14 
and the base 12 as shoWn in FIG. 12(a), so that no current 
?oWs through the emitter. 

[0005] Upon a voltage being applied betWeen the base and 
the emitter, the electron energy of the emitter conforms to 
the quantum level of the quantum Well as shoWn in FIG. 
12(b), thereby generating a resonant-tunneling effect. 

[0006] More speci?cally, the electron energy of the emitter 
has a certain distribution, and, only electrons having energy 
that conforms to the quantum level are emitted to the base 
by the resonant-tunneling effect. Since the emitted electrons 
have high energy, they pass through the base layer at a high 
speed substantially Without scattering (ballistic conduction), 
go over an energy barrier (qCIJc) betWeen a base layer and a 
collector barrier layer, and are injected into the collector 
barrier layer. 

[0007] The injected electrons travel through the collector 
barrier layer substantially Without scattering, and reach a 
collector layer. Since the electrons are not substantially 
scattered throughout the above-described process, it is 
expected that the device operates at a speed higher than that 
of a general transistor device depending on scattering and 
diffusion. 

[0008] HoWever, the ?rst prior art has a problem that an 
operating temperature is limited at a room temperature, 
device gain is small, and an operation speed is not so high 
as expected. For example, in the ?rst prior art, operation at 
77K is reported, but the operation at a room temperature and 
improvement of the operation speed is not described. 

[0009] Accordingly, an InP based HET operating at a room 
temperature (second prior art) has been reported (see IEEE 
Electron Device Letters, Vol. 14, No. 9, pp. 441-443, Sep 
tember, (1993)). 
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[0010] HoWever, the second prior art has a problem that 
the device gain is smaller than that of a general transistor, 
and the operation speed is not especially high. 

LIST OF PRIOR ART REFERENCES 
CONCERNING THE PRESENT INVENTION 

[0011] (1) Naoki Yokoyama et al., “A NeW Functional, 
Resonant-Tunneling Hot Electron Transistor (RHET)”, 
Japanese Journal of Applied Physics Letters, Vol. 24, No. 11, 
pp. L853-L854 (1985) 

[0012] (2) Theodore S. Moise, “Room-Temperature 
Operation of a Resonant-Tunneling Hot-Electron Transistor 
Based Integrated Circuit”, IEEE ELECTRON DEVICE 
LETTERS, Vol. 14, No. 9, (September 1993) 

[0013] (3) US. Pat. No. 5,389,798 (UK Patent No. 
GB2260858, and Japanese Laid-Open Patent Application 
Publication No. H5-190834 (especially, the paragraph 
[0045])) 
[0014] (4) Japanese Laid-Open Patent Application Publi 
cation No. 2002-305204 

[0015] (5) Yoshiaki Sano et al., “High Frequency Transis 
tor Supporting Information-Communication Technology of 
the Next Generation”, Oki Technical RevieW 185, Vol. 68, 
No. 1, pp. 118-121, (January 2001) (this discloses that, since 
GaN has a Wide band gap, the device can operate at a 
temperature (approximately 3000 C.) higher than those of 
GaAs and Si) 

DISCLOSURE OF THE INVENTION 

[0016] The present invention is aimed at solving the 
above-described problem. And an object of the present 
invention is to provide a novel semiconductor device having 
a large gain and con?gured to operate at a high speed in a 
Wide temperature range (not loWer than 800 C. and not 
higher than 2000 C.). 

[0017] In order to achieve the above object, according to 
the present invention, there is provided a ballistic semicon 
ductor device comprising a n-type emitter layer, a base layer 
made of n-type InGaN, a n-type collector layer, an emitter 
barrier layer interposed betWeen the emitter layer and the 
base layer and having a band gap larger than a band gap of 
the base layer, and a collector barrier layer interposed 
betWeen the base layer and the collector layer and having a 
band gap larger than the band gap of the base layer, Wherein 
the ballistic semiconductor device operates at 10 GHZ or 
higher. In such a con?guration, ratio of electrons Which 
ballistically conduct betWeen the base and the collector to 
electrons emitted from the emitter barrier layer is improved, 
thereby improving current gain and operation speed. And, 
scattering of electrons Which ballistically conduct due to 
phonon is inhibited, thereby improving Ion/Ioif ratio. Con 
sequently, the ballistic semiconductor device can operate as 
a sWitching device or an amplifying device at a high 
frequency of 10 GHZ or higher. 

[0018] Concentration of In contained in the base layer is 
preferably not less than 0.1% and not more than 5%. 

[0019] The collector barrier layer may be made of AlIn 
GaN. 

[0020] Concentration of In contained in the collector bar 
rier layer is preferably not less than 0.1% and not more than 
5%. 
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[0021] The collector layer may be made of InGaN. 

[0022] Concentration of In contained in the collector layer 
is preferably not less than 0.1% and not more than 5%. 

[0023] The collector barrier layer may be made of AlIn 
GaN, and the collector layer may be made of InGaN. 

[0024] Concentration of In contained in the base layer, 
concentration of In contained in the collector barrier layer, 
and concentration of In contained in the collector layer are 
each preferably not less than 0.1% and not more than 5%. 

[0025] The emitter barrier layer may be formed by an 
AlGaN layer Which contacts both the emitter layer and the 
base layer. 

[0026] The AlGaN layer may be formed by a layered 
structure of a n-type AlGaN layer and an undoped AlGaN 
layer. 

[0027] The n-type AlGaN layer may contact the emitter 
layer, and the undoped AlGaN layer may contact the base 
layer. 

[0028] The ballistic semiconductor device may comprise 
tWo or more of the emitter barrier layers, and a quantum Well 
layer may be interposed betWeen tWo adjacent emitter 
barrier layers. 

[0029] The quantum Well layer may be made of InGaN. In 
such a con?guration, the operation speed becomes higher by 
making a half bandwidth of energy level of permeability 
coef?cient three times larger, thereby achieving a THZ 
operation. 

[0030] Concentration of In contained in the quantum Well 
layer is preferably not less than 10% and not more than 30%. 
In such a con?guration, a domain With a high In concentra 
tion may be formed in a quantum dot shape. 

[0031] The quantum dot may be formed in the quantum 
Well layer. In such a con?guration, high-speed operation in 
a Wide range can be achieved. 

[0032] A Width of the quantum dot seen from a thickness 
direction of the quantum Well layer is preferably not less 
than 1 nm and not more than 100 nm. 

[0033] The object, as Well as other objects, features and 
advantages of the present invention Will become more 
apparent from the folloWing detailed description of the 
preferred embodiments taken With reference to the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] FIG. 1 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a ?rst embodiment of the present invention; 

[0035] FIG. 2 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a comparative example of the ?rst embodiment 
of the present invention; 

[0036] FIGS. 3(a), 3(b), and 3(0) are vieWs shoWing an 
energy distribution of emitted electrons, in Which FIG. 3(a) 
is a vieW schematically shoWing directional components of 
energy of electrons emitted from the emitter, FIG. 3(b) is a 
vieW schematically shoWing an electric energy distribution 
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in a second prior art, and FIG. 3(c) is a vieW schematically 
shoWing the electric energy distribution in the comparative 
example; 
[0037] FIG. 4 is a vieW shoWing band structures of the 
second prior art and the comparative example; 

[0038] FIG. 5 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a second embodiment of the present invention; 

[0039] FIG. 6 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a third embodiment of the present invention; 

[0040] FIGS. 7(a) and 7(b) are conceptual vieWs shoWing 
energy band structures and transmissivity of the ballistic 
semiconductor device, in Which FIG. 7(a) shoWs a case of 
the ballistic semiconductor device according to the ?rst 
embodiment, and FIG. 7(b) shoWs a case of the ballistic 
semiconductor device according to the third embodiment; 

[0041] FIGS. 8(a) and 8(b) are vieWs shoWing quantum 
dots, in Which FIG. 8(a) is a plan vieW schematically 
shoWing a condition in Which quantum dots are formed in 
the ballistic semiconductor device in FIG. 6, and FIG. 8(b) 
is a cross-sectional vieW taken along line VIIIB-VIIIB in 
FIG. 8(a); 

[0042] FIG. 9 is a vieW shoWing an energy distribution of 
emitted electrons in the ballistic semiconductor device in 
FIG. 6; 

[0043] FIG. 10 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a fourth embodiment of the present invention; 

[0044] FIG. 11 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a ?rst prior art; and 

[0045] FIGS. 12(a), 12(1)), and 12(c) are vieWs schemati 
cally shoWing a principle of operation of the ballistic semi 
conductor device according to the ?rst prior art. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

[0046] Hereinafter, embodiments of the present invention 
Will be described With reference to the draWings. 

[0047] A ternary mixed crystal material made of InGaN is 
used as a semiconductor composing a ballistic semiconduc 
tor device of the present invention. And, a semiconductor 
substrate comprising GaN, a sapphire substrate and a silicon 
substrate each having a lattice constant near to that of the 
GaN substrate, an insulative substrate and the like may be 
used as a substrate of the ballistic semiconductor device of 
the present invention. Hereinafter, speci?c examples Will be 
described. 

First Embodiment 

[0048] According to a ?rst embodiment of the present 
invention, there is provided a novel ballistic semiconductor 
device Which is easy to fabricate, and operates at a high 
speed in a Wide temperature range, as compared to the 
conventional ballistic semiconductor device. 

[0049] FIG. 1 is a cross-sectional vieW shoWing an 
example of a cross-sectional structure of the ballistic semi 
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conductor device according to this embodiment. The ballis 
tic semiconductor device according to this embodiment is a 
RHET. This ballistic semiconductor device comprises a 
sapphire substrate 100. On the sapphire substrate 100, a 
loW-temperature GaN buffer layer (With a ?lm thickness 
d=100 nm) 101, a n-type GaN emitter layer (With a carrier 
concentration n=10l8 cm_3, d=1 pm) 102, an undoped AlN 
barrier layer 103a, an undoped GaN quantum Well layer 109, 
an undoped AlN barrier layer 103b, an undoped GaN spacer 
layer 104, a n-type InGaN base layer (n=10l8 cm_3) 305, an 
undoped AlInGaN collector barrier layer 306, a n-type 
InGaN collector layer (n=10l8 cm_3, d=0.5 pm) 307, and a 
high-congentration n-type GaN collector contact layer 
(n=5><10 cm_3, d=0.5 pm) 108 are sequentially formed. In 
the present invention, since it is required that electrons 
emitted from the emitter layer 102 reach the collector layer 
307, each of the emitter layer 102, the base layer 305, and 
the collector layer 307 is n doped. Therefore, the present 
invention is not a so-called bipolar transistor, but a monopo 
lar transistor. When the undoped AlN barrier layer 103a and 
the undoped AlN barrier layer 1031) are to be distinguished 
from each other, they are referred to as a ?rst undoped AlN 
barrier layer 103a and a second undoped AlN barrier layer 
1031). 

[0050] The GaN quantum Well layer 109 is interposed 
betWeen a pair of AlN barrier layers 103a and 10319 in a 
vertical direction (thickness direction), and the GaN quan 
tum Well layer 109 and the pair of AlN barrier layers 103a 
and 1031) form a resonant-tunneling structure. An amount of 
In added to the base layer 305, to the collector barrier layer 
306, and to the collector layer 307 is preferably not less than 
0.1% and not more than 5%, and more preferably, approxi 
mately 2%. The reason for this and an effect of adding In Will 
be described in detail beloW. 

[0051] The emitter layer 102, the pair of AlN barrier layers 
103a and 103b, and the GaN quantum Well layer 109 form 
an emitter, the InGaN base layer 305 forms a base, and, the 
collector barrier layer 306 and the InGaN collector layer 
form a collector. A collector electrode 110 is provided on the 
collector contact layer 108. A base electrode 111 and an 
emitter electrode 112 are provided on an exposed region of 
the base layer 105 and an exposed region of the emitter layer 
102, respectively. Furthermore, a high resistance region 113 
is provided on a portion of the layers interposed betWeen the 
base layer 105 and the emitter layer 102, Which is located 
under the exposed region of the base layer 105. The high 
resistance region 113 may be provided by ion implantation, 
by selective etching of a mesa side surface, by selective 
oxidation and the like. 

[0052] Film thickness of the AlN barrier layers 103a and 
10319 is 1.5 nm, and that of the GaN quantum Well layer 109 
is 2.5 nm. 

[0053] And, ?lm thickness of the base layer 305 and that 
of the collector barrier layer 106 are each set to 50 nm in this 
embodiment. 

[0054] Next, a method of fabricating the above-structured 
ballistic semiconductor device Will be described. 

[0055] First, a GaN substrate is formed by carrying out 
steps described beloW by employing a MOVPE process. 

[0056] The loW-temperature GaN buffer layer 101 is 
groWn to be 100 nm thick on the sapphire substrate 100, 
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having (0001) surface as a principal surface, at a temperature 
of 5300 C., and then a temperature is increased up to 10500 
C. and the undoped GaN layer is groWn to be 2 pm thick. 
Thereafter the n-type GaN emitter layer 102 is groWn to be 
1 um thick by Si doping. In this manner, the GaN substrate 
is formed. A groWth speed is set to 0.5 um/h to alloW the 
substrate to have rippled surface. As described later, the GaN 
substrate may be replaced by a substrate formed in a manner 
in Which a GaN layer is groWn on a GaAs substrate or the 
like, then the GaAs substrate is removed to form a GaN 
substrate 200 comprising the GaN layer, and, a defect 
reduction layer 201 comprising a super lattice structure of 
AlGaN and GaN and an undoped GaN layer are groWn on 
the GaN substrate 200 (See FIG. 5). Next, the GaN substrate 
is introduced into an MBE device equipped With a RF 
nitrogen plasma source, and epitaxial groWth of mixed 
crystal for HET is performed. III-group element and Si are 
fed as solid sources. N atom is fed by cracking nitrogen gas 
by using a RF nitrogen plasma cell. Plasma output is set to 
350 W and 3 ccm to 20 ccm of nitrogen is fed. A groWth 
temperature of GaN and AlN is set to 7200 C. 

[0057] Speci?cally, a surface of the GaN substrate is 
annealed in nitrogen atmosphere at a temperature of 9500 C. 
for improving surface ?atness, and then the n-type GaN 
emitter layer 102 is groWn With a thickness of 1 pm to 
provide 2 pm thickness in total. 

[0058] FolloWing this, the ?rst undoped AlN barrier layer 
10311, the undoped GaN quantum Well layer 109, the second 
undoped AlN barrier layer 103b, the undoped GaN spacer 
layer 104, the n-type InGaN base layer (n=10l8 cm_3) 305, 
the undoped AlInGaN collector barrier layer 306, the n-type 
InGaN collector layer (n=10l8 cm_3, d=0.5 pm) 307, and the 
high-congentration n-type GaN collector contact layer 
(n=5><10 cm_3, d=0.5 pm) 108 are sequentially groWn. 
When the GaN layer and the InGaN layer are groWn, Ga, In 
and N are fed simultaneously. GroWth speed is set to 1 um/h. 
When the AlN layer is groWn, Al and N-atom are separately 
fed by time division, because the AlN layer groWs three 
dimensionally due to large distortion. The groWth speed is 
set to 0.2 um/h. 

[0059] Next, a method of forming a transistor structure 
Will be described. 

[0060] First, in a base forming process, layers from the 
n-type InGaN collector layer 307 to the n-type GaN base 
layer 305 are etched by chlorinated dry etching in a shape of 
a square, the sides of Which are each 25 um. Then, in a 
resistance increasing step, Ar or high-concentration Si is 
injected into the region located beloW the base layer 305, 
thereby producing the high resistance region 113. 

[0061] Then, in a ?rst electrode forming process, Ti/Al 
electrodes are EB evaporated on the high-concentration 
n-type GaN collector contact layer 108 and on an etched 
surface of the n-type GaN base layer 305, by a lift-off 
process using an oxide ?lm and a resist, to form the collector 
electrode 110 and the emitter electrode 111, respectively. 
Then, in an emitter forming process With an emitter region 
and a base region protected by an insulative ?lm, layers to 
the n-type GaN emitter layer 102 are etched by chlorinated 
dry etching in a shape of a square, the sides of Which are 
each 50 um. Then, in a second electrode forming process, the 
Ti/Al electrode is EB evaporated on a surface of the n-type 
GaN emitter layer 102 to form the emitter electrode 112, by 
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the lift-off process using the oxide ?lm and the resist. Next, 
in a device isolation process With an entire device covered 
With the insulative ?lm, layers to the GaN substrate 100 (or 
the sapphire substrate) are removed by etching. In this 
manner, the transistor structure Was formed. 

[0062] Next, to describe an operation of the ballistic 
semiconductor device of the present invention, a cause by 
Which the device in the prior arts do not operate in a room 
temperature is described by taking the second prior art as an 
example. 
[0063] In the second prior art, as described above, there 
has been a problem that device gain is small and operation 
speed is not so high as expected. And, it has been revealed 
that the major cause thereof is energy distribution of elec 
trons emitted from the emitter. 

[0064] To describe the cause, a ballistic semiconductor 
device comprising the RHET using GaN is fabricated as a 
comparative example. 
[0065] FIG. 2 is a cross-sectional vieW shoWing a struc 
ture of the comparative example. As shoWn in FIG. 2, in the 
comparative example, a base layer 105 is formed by a n-type 
GaN layer, a collector barrier layer 106 is formed by an 
undoped AlGaN layer, and a collector layer 107 is formed by 
the n-type GaN layer. Other con?guration is identical to that 
of the ballistic semiconductor device according to this 
embodiment shoWn in FIG. 1. 

[0066] And, the second prior art includes an 
InO_53GaO_47As base layer and an InO_lGaO_9P collector bar 
rier layer formed on the InP substrate. Hereinafter, material 
composition of the second prior art is referred to as InP 
based composition. 

[0067] As shoWn in FIG. 3(a), in general, in the RHET 
(herein, the comparative example is taken as an example), a 
resonant-tunneling condition betWeen the emitter and the 
base is that Z-directional components (as used herein, Z-di 
rection is a direction perpendicular to the quantum Well layer 
109) of electron energy substantially conform to a quantum 
level (E1) of the quantum Well layer 109. That is, Z-direc 
tional components of the energy of electrons having passed 
the quantum Well layer 109 substantially conform to E1, but 
the magnitude of energy is not limited as indicated by E2 
When this includes x-directional energy components and 
y-directional energy components. Consequently, the total 
energy of electrons (the sum of x components, y compo 
nents, and Z components) has distribution according to 
thermal energy and a voltage betWeen the emitter and the 
base. Since spread of the energy distribution is small under 
a loW temperature, the spread of energy in x direction and 
energy in y direction is also small, but the distributions 
thereof spread as indicated by numeral 403 in FIG. 3(b), as 
the temperature rises. 

[0068] FIG. 3(b) shoWs the energy distribution of elec 
trons emitted from the quantum Well layer to the base layer 
at a room temperature, in the RHET of the second prior art. 
A loW-energy region (hatched area on the left side) 401 is a 
region in Which because of its loW electron energy, the 
electrons travel at a loW speed, and thereby are scattered in 
the base layer 305 and in the collector barrier layer 308. And 
a high-energy region (hatched area on the right side) 402 is 
a region in Which because of its high electron energy, the 
electrons are scattered due to F-L intervalley transition 
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Within the semiconductor, thereby loWering their speed. 
Therefore, only electrons having energy condition not less 
than that of the loW-energy region 401 and not more than 
that of the high-energy region 402 can ballistically conduct. 

[0069] Both the loW-energy region 401 and the high 
energy region 402 depend on a device structure and a 
semiconductor material. When it is estimated about the 
RHET of the second prior art, peak energy of the energy 
distribution 403 of electrons emitted from the quantum Well 
layer should be set approximately 0.5 eV to maximiZe a 
density of electrons Which ballistically conduct, as shoWn in 
FIG. 3(b). Consequently, the electron energy distribution 
403 spreads Within both the loW-energy region 401 and the 
high-energy region 402 as indicated by a solid line. 

[0070] This is because the electron energy distribution 403 
spreads due to thermal effect or the like. If the energy of the 
quantum level is loWered, components of the high-energy 
region 402 can be decreased, but components of the loW 
energy region 401 are adversely increased. Consequently, 
even in the best condition, approximately 60% of entire 
electron energy distribution is distributed Within the loW 
energy region 401 or the high-energy region 402, and 
percentage of electrons Which can actually pass betWeen the 
base and the collector at a high speed is no more than 
approximately 40%. 

[0071] And, When the voltage betWeen the base and the 
emitter is modulated in high frequency operation, an amount 
of emitted electrons changes, but increases and decreases 
sloWly due to Wide distribution of the electron energy. In this 
case, a shape of the distribution of the electron energy varies, 
and a peak of the distribution also varies due to variation in 
quantum level according to a variation in the voltage 
betWeen the base and the emitter. Consequently, it becomes 
very di?icult to keep the peak of the emitted electron energy 
Within an energy region in Which the electrons can travel at 
a high speed, over an entire region of modulation, and 
thereby, the percentage of electrons traveling at a high speed 
is further decreased. When loW-speed electrons are large in 
number as compared to electrons capable of high speed 
travel, the response speed of the entire device becomes sloW 
due to a delay time of the loW-speed electrons. 

[0072] And, When the loW-speed electrons are scattered, 
an electron temperature and a lattice temperature in the 
vicinity thereof increase, thereby further increasing electron 
scattering probability. And, part of scattered electrons sloW 
doWn, and travel time thereof becomes long. In addition, 
they lose energy and thereby can not go over a barrier 
betWeen the base layer and the collector barrier layer. 
Consequently, base current increases, and ratio of collector 
current to the base current, that is, current gain is also 
deteriorated. 

[0073] On the other hand, in the comparative example, an 
energy interval betWeen the loW-energy region 401 and the 
high-energy region 402 can be increased as shoWn in FIG. 
3(c) by using a GaN based semiconductor material. Since Z 
direction along Which the electrons ?oW conforms to C-axis 
direction in a nitride based semiconductor formed by hex 
agonale, this is A-direction in a symmetrical notation. In this 
case, difference in conduction band energy betWeen F point 
and A point is 2 eV, Which is approximately four times as 
large as 0.55 eV in the case of the InP based second prior art. 
Consequently, no electrons exist Within the high-energy 
region. 
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[0074] Furthermore, it becomes possible to increase the 
peak of the electron energy distribution from 0.5 eV to 0.6 
eV, and thereby, no electrons exist Within the loW-energy 
region 401. From these results, it has been found that the 
percentage of electrons that ballistically conduct betWeen 
the base and the collector is improved up to approximately 
80%, by setting the peak of the electron energy distribution 
to 0.5 eV. It is required to reduce a ?lm thickness of the 
quantum Well layer 109 from 3 nm to 2.5 nm so as to 
increase the peak of the electron distribution from 0.5 eV to 
0.6 eV. Consequently, density of electrons existing Within 
the loW-energy region 401 loWers, and the percentage of 
electrons that ballistically conduct betWeen the base and the 
collector is improved up to approximately 95%. 

[0075] Furthermore, it has been found that by reducing the 
thickness of the quantum Well layer 109 to 2 nm, the peak 
of the electron distribution becomes 0.8 eV, and the per 
centage of electrons Which ballistically conduct betWeen the 
base and the collector is improved up to approximately 99%. 
But, since ?lm thickness controllability during crystal 
groWth is deteriorated as the quantum Well layer 109 
becomes thinner, the thickness of the quantum Well layer 
109 is set to 2.5 nm in the comparative example (also in the 
RHET according to the present embodiment). 

[0076] FIG. 4 is a vieW shoWing band structures of GaN 
and InGaAs. In FIG. 4, an abscissa axis and an ordinate axis 
represent K space and energy, respectively. And, reference 
numeral 211 represents the band structure of InGaAs com 
posing the base layer of the second prior art, and reference 
numeral 212 represents the band structure of GaN compos 
ing the base layer of the comparative example. As described 
above, in GaN, an energy difference AErA betWeen the point 
P and the point A becomes considerably larger than an 
energy difference AErL betWeen the point P and the point L 
in InGaAs. So, it has been found that in the comparative 
example, the percentage of electrons Which ballistically 
conduct betWeen the base and the collector is improved as 
compared to the second prior art, thereby improving the 
current gain and the operation speed. 

[0077] HoWever, from study of the inventors of the present 
invention, it has been revealed that the electrons Which 
ballistically conduct, Which have been said to be unsuscep 
tible of phonon scattering, are subjected to the phonon 
scattering, and such phenomenon is noticeable especially in 
GaN. That is, it has been proved that, in InGaAs, since 
in?uence of the above-described F-A intervalley transition 
on the operation speed of the device is noticeable, in?uence 
of the phonon scattering is not noticeable. HoWever, since in 
GaN, the F-L intervalley transition does not substantially 
affect the operation speed of the device, in?uence of the 
phonon scattering becomes noticeable, and electrons are 
easily subjected to the phonon scattering in GaN in terms of 
a material. As used herein, the phonon scattering means a 
phenomenon in Which the electrons are scattered in conso 
nance With lattice vibration of a substance When the elec 
trons travel Within the substance. 

[0078] In FIG. 4, the phonon scattering occurs When the 
electrons have energy not less than certain energy (herein 
after, referred to as phonon scattering energy) EP. In the case 
of GaN, the phonon scattering energy EP is approximately 
0.3 V. Therefore, as appreciated from FIG. 3(c), in the case 
of GaN, the percentage of electrons Which ballistically 
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conduct betWeen the base and the collector is improved as 
compared to the second prior art, but the electrons Which 
ballistically conduct are subjected to the phonon scattering. 
In FIG. 2, When the electrons Which ballistically conduct the 
base layer 105 are scattered, the electron energy is loWered, 
and thereby the electrons do not reach the collector layer 
107. So, the electrons become the base current and Iolf value 
increases. Consequently Ion/Ioif ratio is decreased. Ion is a 
?rst peak value of the ?oWing current from a point at Which 
the current starts to ?oW, and Iolf is a minimum value of the 
decreasing current after the peak. Accordingly, in a GaN 
based ballistic semiconductor device, a thickness of the base 
layer (approximately 50 nm) may be reduced to one-tenth 
thereof (approximately 5 nm), for inhibiting such scattering. 
HoWever, if the base layer made of GaN is made thinner, the 
base resistance increases in inverse proportion to the thick 
ness, thereby signi?cantly increasing base resistance (spe 
ci?cally, ten times or larger). Consequently, the inventors of 
the present invention found a problem that the GaN based 
ballistic semiconductor device can not operate at a high 
speed (2 to 3 GHZ at maximum) as a sWitching device or an 
amplifying device. 

[0079] Accordingly, in order to solve the problem, from 
intensive study by the inventors, it has been found that by 
forming the base layer 305 using InGaN, the GaN based 
ballistic semiconductor device can operate as the sWitching 
device or the amplifying device at a high frequency of 10 
GHZ or higher, thus achieving the present invention. 

[0080] As used herein, the fact that the semiconductor 
device operates at 10 GHZ or higher means that at least one 
of the current ?oWing through the base layer and the voltage 
applied to the base layer is an alternating current of 10 GHZ 
or higher When the emitter layer is grounded (emitter 
ground), or at least one of the current ?oWing through the 
emitter layer and the voltage applied to the emitter layer is 
the alternating current of 10 GHZ or higher When the base 
layer is grounded (base ground). The upper limit of the 
current is 10 THZ or loWer. 

[0081] In such a con?guration, the scattering of electrons 
due to the phonon is inhibited by a reason described beloW, 
thereby improving the Ion/Ioif ratio. 

[0082] Speci?cally, by adding In to GaN or AlGaN, a 
lattice interval of a portion in Which In exists becomes 
smaller. In addition, since In is easily segregated, portions 
With small lattice interval are distributed unevenly in GaN or 
AlGaN of bulk. Consequently, vibration mode of phonon of 
bulk becomes more than one, and varies from region to 
region. As a result, the electrons hardly resonate the phonon 
of bulk, and occurrence of the electron scattering is inhib 
ited. When an adding amount (concentration) of In is less 
than 0.1%, effect of adding In tends to be inadequate, While 
When an adding amount of In is more than 5 .0%, the electron 
scattering tends to increase due to local variation of the In 
concentration. Therefore, the adding amount of In is pref 
erably not less than 0.1% and not more than 5.0%, more 
preferably, approximately 2%. It is needless to say that the 
current gain and the operation speed are improved as in the 
comparative example even When In is added. 

[0083] And, in connection With the fact that the base layer 
305 is formed by InGaN,the collector barrier layer 306 and 
the collector layer 307 are preferably formed by an undoped 
AlInGaN layer and the n-type InGaN collector layer, respec 
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tively. The amount of In contained in the collector barrier 
layer 306 and the collector layer 307 is preferably not less 
than 0.1% and not more than 5.0%, for the same reason as 

described above. 

[0084] As described above, in the ballistic semiconductor 
device according to this embodiment, since the base layer 
305 is formed by the n-type InGaN layer including In of not 
less than 0.1% and not more than 5.0%, ratio of electrons 
Which ballistically conduct betWeen the base and the col 
lector to electrons emitted from the emitter is improved, 
thereby improving the current gain and the operation speed, 
and, occurrence of phonon scattering of electrons Which 
ballistically conduct is inhibited, thereby improving the 
Ion/Iolf ratio. 

[0085] Operation of the ballistic semiconductor device of 
the present invention as the sWitching device is substantially 
identical to that of the ?rst prior art. That is, When the base 
layer 305 and the emitter layer 102 are equipotential, the 
electron energy of the emitter layer 102 is loWer than the 
quantum level (E1) of the GaN quantum Well layer 109 
interposed betWeen the pair of AlN barrier layers 103a and 
103b, so that the electrons do not travel from the emitter 
layer 102 to the base layer 305. Therefore, When the base 
layer 305 and the emitter layer 102 are equipotential, the 
device is in “off-state”. 

[0086] Upon a voltage being applied betWeen the base 
layer 305 and the emitter layer 102, the electron energy of 
the emitter layer 102 conforms to the quantum level of the 
GaN quantum Well layer 109, thereby generating the reso 
nant-tunneling effect. In other Words, only the electrons 
having energy that conforms to the quantum level of the 
GaN quantum Well layer 109, Which are included in the 
electrons of the emitter layer 102 spreading to have a certain 
distribution, are emitted to the base layer 305 by the reso 
nant-tunneling effect. Since the emitted electrons have high 
energy, they pass through the base layer 305 at a high speed 
substantially Without scattering (ballistic conduction), go 
over the energy barrier (qCIJc) betWeen the base layer 305 
and the collector barrier layer 306, and are injected into the 
collector barrier layer 307. Therefore, upon the voltage 
being applied betWeen the base layer 305 and the emitter 
layer 102, the device is in “on-state”. 

[0087] The electrons travel substantially Without scatter 
ing through the collector barrier layer 307 and reach the 
collector layer 307. Since the electrons are not substantially 
scattered throughout the above-described process, they oper 
ate at a higher speed as compared to that of a general 
transistor device depending on the scattering and the diffu 
sion. 

Second Embodiment 

[0088] In a second embodiment of the present invention, 
the collector layer 107 is ?rst formed on the GaN substrate. 
In the ?rst embodiment, the barrier layers 103a and 10319 
and the quantum Well layer 109 each forming the resonant 
tunneling structure are required to have uniform ?lm thick 
ness and ?atness. Therefore, the resonant-tunneling structure 
is ?rst formed on the GaN substrate. But in order to reduce 
parasitic capacitance or the like, the emitter is preferably 
smaller. 
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[0089] Accordingly, in this embodiment, the collector is 
?rst formed on the GaN substrate. 

[0090] FIG. 5 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to this embodiment. In FIG. 5, the same reference 
numerals as those in FIG. 1 denote same or corresponding 
portions. 

[0091] As shoWn in FIG. 5, in the ballistic semiconductor 
device of this embodiment, the defect reduction layer 201 
comprising the AlGaN/GaN super lattice structure, the 
n-type InGaN collector layer 307, the undoped AlInGaN 
collector barrier layer 306, the n-type InGaN base layer 305, 
the undoped GaN spacer layer 104, the undoped AlN barrier 
layer 103b, the undoped GaN quantum Well layer 109, the 
undoped AlN barrier layer 10311, the n-type GaN emitter 
layer 102, and a high-concentration n-type GaN emitter 
contact layer (n=5><10l8 cm_3, d=0.5 pm) 208 are sequen 
tially formed on the GaN substrate 200. 

[0092] The GaN quantum Well layer 109 is interposed 
betWeen the pair of AlN barrier layers 103a and 10319 in a 
vertical direction (thickness direction), and the GaN quan 
tum Well layer 109 and the pair of AlN barrier layers 103a 
and 1031) form the resonant-tunneling structure. 

[0093] The emitter electrode 112 is provided on the emit 
ter layer 102. The base electrode 111 and the collector 
electrode 110 are provided on an exposed region of the base 
layer 305 and an exposed region of the collector contact 
layer 108, respectively. Film thickness and carrier concen 
tration are identical to those of the ?rst embodiment. 

[0094] Next, a method of fabricating the above-structured 
ballistic semiconductor device according to this embodi 
ment Will be described. 

[0095] The GaN layer is groWn on the GaAs substrate or 
the like, and then the GaAs substrate is removed to form the 
GaN substrate 200 comprising the GaN layer. And, the 
defect reduction layer 201, the undoped GaN layer, and the 
n-type InGaN collector layer 307 are sequentially formed on 
the GaN substrate 200 by employing the MOVPE process. 
Speci?cally, 30 periods of the super lattice structures of 
AlGaN and GaN, each 10 nm thick, are groWn at a tem 
perature of 10500 C. to form the defect reduction layer 201, 
and an undoped InGaN layer is groWn thereon to be 2 pm 
thick. Thereafter, the n-type InGaN collector layer 307 is 
groWn to be 1 pm thick by Si doping. A groWth speed is set 
to 0.5 h to alloW the substrate to have rippled surface. 

[0096] The GaN substrate 200 on Which the above-de 
scribed layers are formed is introduced into the MBE device 
equipped With the RF nitrogen plasma source, and the 
epitaxial groWth of mixed crystal for HET is performed. A 
groWth condition and sequence are identical to those of the 
?rst embodiment. The surface of the GaN substrate is 
annealed in nitrogen atmosphere at a temperature of 9500 C. 
for improving surface ?atness, and then the n-type InGaN 
collector layer 307 is groWn With a thickness of 1 pm to 
provide 2 pm thickness in total. FolloWing this, the undoped 
AlInGaN collector barrier layer 306, the n-type InGaN base 
layer 305, the undoped GaN spacer layer 104, the undoped 
AlN barrier layer 103b, the undoped GaN quantum Well 
layer 109, the undoped AlN barrier layer 10311, the n-type 
GaN emitter layer 102, and the high-concentration n-type 
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GaN emitter contact layer 208 are sequentially grown. A 
growth condition of the MBE process is identical to that of 
the ?rst embodiment. 

[0097] Next, a method of forming a transistor structure 
Will be described. 

[0098] First, in the base forming process, layers from the 
high-concentration n-type GaN emitter contact layer 208 to 
the n-type GaN base layer 105 are etched by chlorinated dry 
etching in a shape of a square, the sides of Which are each 
25 um. Then, in the ?rst electrode forming process, the Ti/Al 
electrodes are EB evaporated on the emitter contact layer 
208 and on an etched surface of the n-type GaN base layer 
105 to form the emitter electrode 112 and the base electrode 
111, respectively, by the lift-off process using the oxide ?lm 
and the resist. Then, in a collector forming process, With the 
emitter region and the base region protected by the insula 
tive ?lm, layers to the n-type GaN collector layer 307 are 
etched by chlorinated dry etching in a shape of a square, the 
sides of Which are each 50 um. Then, in the second electrode 
forming process, the Ti/Al electrode is EB evaporated on a 
surface of the collector layer 307 to form the collector 
electrode 110 by the lift-olf process using the oxide ?lm and 
the resist. Next, in the device isolation process, With an 
entire ballistic semiconductor device covered With the insu 
lative ?lm, layers to the GaN substrate 200 are removed by 
etching. In this manner, the transistor structure Was formed. 

[0099] In this embodiment, in order to improve uniformity 
of the ?lm thickness and ?atness of the barrier layers 103 
and the quantum Well layer 109, the layers are groWn such 
that atom migration is increased by reducing a crystal 
groWth speed to approximately 80% of a regular speed and 
increasing a groWth temperature by approximately 200 C. 
from a regular temperature. Consequently, the parasitic 
capacitance of the emitter is reduced, thereby improving the 
operation speed of the device by approximately 20%. 

Third Embodiment 

[0100] According to a third embodiment of the present 
invention, there is provided a novel ballistic semiconductor 
device capable of achieving ampli?cation ratio larger than 
that of the ?rst and second embodiments. 

[0101] FIG. 6 is a cross-sectional vieW shoWing a cross 
sectional structure of the ballistic semiconductor device 
according to this embodiment. In FIG. 6, the same reference 
numerals as those in FIG. 5 denote same or corresponding 
portions. 

[0102] As shoWn in FIG. 6, in this embodiment, a quan 
tum Well layer 209 is formed by an undoped InGaN layer, 
unlike in the second embodiment in Which the quantum Well 
layer 109 is formed by the undoped GaN layer. Other 
con?guration is identical to that of the second embodiment. 

[0103] In the undoped InGaN quantum Well layer 209, 
composition ratio (concentration) of In is not less than 10% 
and not more than 30%. The InGaN quantum Well layer 209 
is groWn While simultaneously feeding In, Ga, and N. A 
groWth speed is set to 0.1 um/h, Which is approximately 
equal to one tenth of that of a general GaN layer. When the 
composition ratio of In is 10%, the layer 209 can be groWn 
at a groWth temperature of 7200 C. as in the case of the AlN 
barrier layers 103, While When the composition ratio of In is 
30%, the groWth temperature is decreased to 6200 C. so as 
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to inhibit re-vaporiZation of In. When the composition ratio 
of In is not more than 10%, this does not vary enough, and 
a quantum dot e?‘ect to be described beloW is not obtained. 
And, When the composition ratio of In is not less than 30%, 
lattice mismatch ratio increases, thereby signi?cantly dete 
riorating ?atness of the InGaN quantum Well layer 209. 
Therefore, it has been proved that the composition ratio of 
In is preferably in a range of 10% to 30%. 

[0104] When the quantum Well layer 209 is formed by the 
InGaN layer, the folloWing three e?‘ects are obtained. 

[0105] First, since a band gap becomes smaller, it becomes 
possible to make the quantum Well layer 209 thinner, and 
thereby a ?rst level increases. So, transmission probability 
increases, thereby increasing the operation speed. Second, as 
a result of making the quantum Well layer 209 thinner, a 
second level increases, thereby decreasing reactive current. 
Third, When the composition ratio of In is increased to 
approximately 30%, a region With a high In composition 
ratio is formed due to non-uniform composition, thereby 
causing the quantum dot e?‘ect to occur. Therefore, since not 
only F-A transition reduces but also the loss on the loW 
energy side reduces, the operation speed is improved. Also, 
a voltage is reduced. 

[0106] First e?‘ect Will be described With reference to 
FIGS. 7(a) and 7(1)). 

[0107] FIG. 7(a) shoWs a case Where the GaN layer is 
used as the quantum Well layer, and FIG. 7(b) shoWs a case 
Where the InGaN layer is used as the quantum Well layer. 
Conduction band energy decreases by approximately 0.3 eV 
When 10% of In is added, and by approximately 0.6 eV When 
30% of In is added. In these cases, in order to minimiZe the 
loss on the loW-energy side, a peak of an electron distribu 
tion is appropriately set to 0.6 eV, and for this purpose, ?lm 
thickness LZ of the InGaN quantum Well layer 209 is 
appropriately set to 1.8 nm When 10 % of In is added, and 
to 1.6 nm When 30% of In is added. 

[0108] That is to say, by making the InGaN quantum Well 
layer 209 thinner, an energy di?‘erence AE1 betWeen a 
ground state E0 and a ?rst level E1 is increased from 0.3 eV 
to 0.6 eV When 10% of In is added, and from 0.3 eV to 0.9 
eV When 30% of In is added, in the case of the respective 
?lm thicknesses. An energy Width AEn of electron trans 
mission coe?icient increases from 0.4 meV to 1.2 meV, and 
thereby electron staying time becomes 0.6 ps according to 
the indeterminacy principle. Therefore, it has been proved 
that the device can operate at 1.7 THZ. Actually, the device 
forming a circuit operates at the operation speed of approxi 
mately 1 THZ under in?uence of the parasitic capacitance. 

[0109] Next, the second e?‘ect Will be described. Since an 
energy di?‘erence AE2 betWeen the ground state E0 and a 
second level E2 is four times as large as AE1, AE1 and AE2 
increase as the InGaN quantum Well layer 209 is made 
thinner. Consequently, in order to make the second level E2 
larger than an energy gap betWeen the conduction band of 
the AlN barrier layers 103a and 103b, and that of the InGaN 
quantum Well layer 209 so that the second level E2 does not 
exist Within the InGaN quantum Well layer 209, AE1 is 
appropriately set to approximately 0.5 eV in the case of the 
InGaN quantum Well layer 209, and a Width of the InGaN 
quantum Well layer 209 is appropriately set to 2 nm. And, 
When In is added in the composition ratio of 10% and 30%, 
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AEl is appropriately 0.6 eV and 0.7 eV, respectively. So, it 
has been proved that this condition is satis?ed When the In 
composition ratio is 10% and 30% as shoWn in the ?rst 
effect. 

[0110] Therefore, it has been proved that, since the second 
level is not formed Within the InGaN quantum Well layer 209 
irrespective of composition ratio of In When the ?lm thick 
ness of the quantum Well layer 209 is set to not more than 
2 nm, no reactive current exists. In particular, since the 
energy level of the second level becomes larger than energy 
of the AlN barrier layers 103a and 10319 by adding In, 
electrons are emitted from the InGaN quantum Well layer 
209 at the ?rst level more stably. 

[0111] Next, the third effect will be described. By adding 
10% of In or more, In starts to segregate, and by adding 30% 
of In, domains With the high In composition ratio start to be 
formed as quantum dots Within the InGaN quantum Well 
layer 209 at a volume density of approximately 20%. A 
Width (herein, a diameter of the domain Which is cylindrical 
as described beloW) of the domain seen from a thickness 
direction of the InGaN quantum Well layer 209 is set to 
approximately from 1 nm to 100 nm. Since this domain has 
the high In composition ratio, the energy condition thereof 
becomes loWer as compared to its surrounding region. 

[0112] FIGS. 8(a) and 8(b) are vieWs shoWing the quan 
tum dots, in Which FIG. 8(a) is a plan vieW schematically 
shoWing a condition in Which the quantum dots are formed 
in the ballistic semiconductor device in FIG. 6, and FIG. 
8(b) is a cross-sectional vieW taken along line VIIIB-VIIIB 
in FIG. 8(a). 

[0113] As shoWn in FIGS. 8(a) and 8(b), herein, cylindri 
cal domains (quantum dots) 501 having the In composition 
ratio higher than that of the InGaN quantum Well layer 209 
are formed in the InGaN quantum Well layer 209. Therefore, 
a band gap of the domain (quantum dot) 501 is smaller than 
that of the InGaN quantum Well layer 209. The cylindrical 
domain 501 is formed so as to extend in a thickness direction 
of the InGaN quantum Well layer 209. And, upon the voltage 
being applied betWeen the AlN barrier layer (emitter) 103a 
and the base layer 305, electrons Within the ?rst AlN barrier 
layer 103a ?rst conform to a quantum level of the quantum 
dot 501 having loW energy, then pass through the second 
AlN barrier layer 1031) by the resonant-tunneling effect, and 
are emitted to the base layer 305. Therefore, emission 
direction of electrons is limited to a direction (thickness 
direction) perpendicular to the layers. Furthermore, in a 
quantum dot state, since the electron energy distribution is 
not affected by a Fermi distribution, the electrons have 
extremely small energy state and are emitted at a high 
density. 

[0114] Consequently, the energy condition of electrons 
that ballistically conduct becomes steeper. FIG. 9 is a vieW 
shoWing electron energy distributions in the case of the GaN 
quantum Well layer and of the InGaN quantum Well layer 
having the In composition ratio of 30%. As shoWn in FIG. 
9, an electron energy distribution 405 of the InGaN quantum 
Well layer 209 having the In composition ratio of 30% is 
steeper than the electron energy distribution 403 of the GaN 
quantum Well layer 109. Consequently, it has been proved 
that a hot electron transistor in Which the electron energy 
distribution is unlikely to spread even When an operation 
temperature is set as high as 600 C. is realiZed. 
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[0115] As thus far described, it has been proved that, it is 
possible to, With the con?guration of this embodiment, 
provide the novel ballistic semiconductor device Which is 
easy to fabricate, and operates at a high speed in a Wide 
temperature range, as compared to the conventional device. 

[0116] Although the quantum Well layer 209 is made of 
InGaN and the barrier layers are made of AlN in this 
embodiment, other material systems obtained by combining 
materials having different energy levels With respect to an 
electrical charge may be used as long as the band gap of the 
quantum Well layer 209 is smaller than that of the barrier 
layers 103. 

Fourth Embodiment 

[0117] FIG. 10 is a cross-sectional vieW shoWing a cross 
sectional structure of a ballistic semiconductor device 
according to a fourth embodiment of the present invention. 
In FIG. 10, the same reference numerals as those in FIG. 5 
denote same or corresponding portions. 

[0118] As shoWn in FIG. 10, the ballistic semiconductor 
device according to this embodiment does not have the 
resonant-tunneling structure Within the emitter, but instead, 
has a n-type AlGaN emitter barrier layer 121 (thickness 
d=10 nm, Al concentration n=not less than 5% and not more 
than 10%) and an undoped AlGaN emitter barrier layer 122 
(thickness d=10 nm, Al concentration n=not less than 5% 
and not more than 10%). And, the ballistic semiconductor 
device is formed on the sapphire substrate 100. Other 
con?guration is identical to that of the second embodiment. 
In such a con?guration, electrons Which have gone over the 
energy barriers of the emitter barrier layers 121 and 122 are 
emitted to the base layer 305 from the emitters 121 and 122. 
Other operation is identical to that of the second embodi 
ment. Therefore, it is possible to obtain the same effect as in 
the second embodiment. 

[0119] Numerous modi?cations and alternative embodi 
ments of the present invention Will be apparent to those 
skilled in the art in vieW of the foregoing description. 
Accordingly, the description is to be construed as illustrative 
only, and is provided for the purpose of teaching those 
skilled in the art the best mode of carrying out the invention. 
The details of the structure and/or function may be varied 
substantially Without departing from the sprit of the inven 
tion. 

INDUSTRIAL APPLICABILITY 

[0120] A ballistic semiconductor device according to the 
present invention is useful as a transistor capable of oper 
ating at a high speed. 

1. A ballistic semiconductor device comprising: 

a n-type emitter layer; 

a base layer made of n-type InGaN; 

a n-type collector layer; 

an emitter barrier layer interposed betWeen the emitter 
layer and the base layer and having a band gap larger 
than a band gap of the base layer; and 

a collector barrier layer interposed betWeen the base layer 
and the collector layer and having a band gap larger 
than the band gap of the base layer, Wherein 
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the ballistic semiconductor device operates at 10 GHZ or 
higher. 

2. The ballistic semiconductor device according to claim 
1, Wherein 

concentration of In contained in the base layer is not less 
than 0.1% and not more than 5%. 

3. The ballistic semiconductor device according to claim 
1, Wherein 

the collector barrier layer is made of AlInGaN. 
4. The ballistic semiconductor device according to claim 

3, Wherein 

concentration of In contained in the collector barrier layer 
is not less than 0.1% and not more than 5%. 

5. The ballistic semiconductor device according to claim 
1, Wherein 

the collector layer is made of InGaN. 
6. The ballistic semiconductor device according to claim 

5, Wherein 

concentration of In contained in the collector layer is not 
less than 0.1% and not more than 5%. 

7. The ballistic semiconductor device according to claim 
1, Wherein 

the collector barrier layer is made of AlInGaN, and 

the collector layer is made of InGaN. 
8. The ballistic semiconductor device according to claim 

7, Wherein 

concentration of In contained in the base layer, concen 
tration of In contained in the collector barrier layer, and 
concentration of In contained in the collector layer are 
each not less than 0.1% and not more than 5%. 

9. The ballistic semiconductor device according to claim 
1, Wherein 

the emitter barrier layer is formed by an AlGaN layer 
Which contacts both the emitter layer and the base layer. 
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10. The ballistic semiconductor device according to claim 
9, Wherein 

the AlGaN layer is formed by a layered structure of a 
n-type AlGaN layer and an undoped AlGaN layer. 

11. The ballistic semiconductor device according to claim 
10, Wherein 

the n-type AlGaN layer contacts the emitter layer, and the 
undoped AlGaN layer contacts the base layer. 

12. The ballistic semiconductor device according to claim 
comprising: 

tWo or more emitter barrier layers, Wherein 

a quantum Well layer is interposed betWeen tWo adjacent 
emitter barrier layers. 

13. The ballistic semiconductor device according to claim 
12, Wherein 

the quantum Well layer is made of InGaN. 
14. The ballistic semiconductor device according to claim 

13, Wherein 

concentration of In contained in the quantum Well layer is 
not less than 10% and not more than 30%. 

15. The ballistic semiconductor device according to claim 
13, Wherein 

a quantum dot having a band gap smaller than a band gap 
of the quantum Well layer is formed in the quantum 
Well layer. 

16. The ballistic semiconductor device according to claim 
15, Wherein 

a Width of the quantum dot seen from a thickness direction 
of the quantum Well layer is not less than 1 nm and not 
more than 100 nm. 


